A Cu(I)-catalyzed direct addition of alkynes to imines was developed. The process is simple and provides a diverse range of propargylamines in high enantiomeric excess and good yield both in water and in toluene. The absolute configuration of such addition products has been determined by x-ray crystallography.
The mixture in water was extracted with diethyl ether or methylene chloride. The organic layer was washed with water and dried over anhydrous Mg 2 SO 4 . The solvent was removed in vacuo. The residue was filtered through silica gel with methylene chloride. The reaction mixture in toluene was filtered through silica gel with methylene chloride directly. After flash column chromatography with EtOAc͞ hexane (1͞40) as the eluent, the product was isolated as a yellowish oil, and some were purified further by recrystallization from ethyl acetate͞methylene chloride͞hexane to give pale yellow prisms. N-[1-(3-bromophenyl)-3-phenyl-2-propynyl) aniline. HPLC (Daicel Chiralcel OD, hexane͞i-PrOH ϭ 95:5, flow rate ϭ 0.5 ml͞min) t R ϭ 19.2 min (R), t R ϭ 29.5 min (S), ee ϭ 95%. Spectroscopic data were identical to those of the racemic compound. N-[1-(4-nitrophenyl)-3-phenyl-2-propynyl 
R-

Crystal Data of R-N-[1-(3-bromophenyl)-3-phenyl-2-propynyl)aniline.
C 21 . For detailed x-ray analysis, please contact the corresponding author.
Supporting Information. For additional characterization of products, see the supporting information, which is published on the PNAS web site.
Results and Discussion
Initially, we examined the reaction of an imine, which was readily accessible via the in situ condensation of benzaldehyde with aniline, with phenylacetylene by using the [Ru]͞[In] catalytic system in water (48) . However, it did not provide any of the desired imine addition product, although this catalyst was very effective for alkyne-aldehyde addition. The failure of the reaction was attributed to the inability of indium(III), although effective in activating aldehyde (52) (53) (Fig. 1, route a) , to coordinate and activate the imine effectively in water. It was speculated that copper ions (soft Lewis acids) (54-56) may be effective in activating the imine (Fig.  1, route b) . Subsequently, we found that the desired addition product was formed in a moderate yield by using copper catalysts in water (Scheme 1). Among the catalysts tested, copper salts such as CuCl, CuCl 2 , CuBr, and CuI all showed moderate catalytic activities, with CuSO 4 , Cu(OAc) 2 , and CuCN being only slightly active. CuBr was found to be the best catalyst among the copper salts. By using 3 mol % RuCl 3 as a co-catalyst, the yield of the desired addition product was dramatically increased, but no imine addition product was observed when RuCl 3 was used as the catalyst alone. The reaction of 1.5 eq of phenylacetylene with imine in water in the presence of 30 mol % Cu(I) bromine and 3 mol % RuCl 3 at 70°C for 15 h afforded the adduct in 90% yield. Further addition of various ligands did not improve the yield. A variety of substrates were then examined in the reaction both in water, in organic solvent, and under neat conditions, and the results are summarized in Table 1 . As shown in Table 1 , this catalytic system could be applied to a broad range of substituted aromatic imines and aliphatic imines to afford the corresponding phenylalkynylamines. In many examples, when a mixture of phenylacetylene and an imine was treated with the RuCl 3 ͞CuBr catalytic system in water, the addition reaction took place smoothly giving a propargylamine in good yield. In most cases, we carried out the reaction directly with a mixture of aldehyde, aniline, alkyne, and CuBr͞RuCl 3 in water, without the need to synthesize the imines in a separate step. However, some imines were easily hydrolyzed in water, resulting in a mixture of aldehyde, imine, and propargylamine.
To minimize the hydrolysis of these imines, we examined the addition reaction in toluene and under neat conditions. We found that the reactions were highly effective under neat conditions: aromatic imines with electron-withdrawing groups were more reactive, and the reaction was carried out at lower temperatures. The imines with cyano and nitro substituents on the aromatic aldehyde gave lower yields accompanied by the formation of some unidentified byproducts (the major product was the addition of aldehyde to triple bond in alkyne to form an ␣,␤-unsaturated carbonyl compound). This catalytic system could also be applied to aliphatic alkynes to afford the corresponding propargylamine. The results are shown as entries 23-29 in Table 1 .
With this simple and effective method in hand, our next step was to develop an efficient enantioselective alkyne-imine addition. During our investigation, it was observed that CuBr alone could provide the desired product, albeit in low conversions. It was postulated that the low catalytic activity when using Cu(I) alone could be due to the strong bonding and thus low reactivity of the C-Cu bond of copper acetylides (57) (58) . We conceived that the addition of a strongly coordinating and electron-rich ligand may weaken the strong C-Cu bond. This postulate also provides opportunities for developing asymmetric alkyne-imine additions. Following this hypothesis, we examined a variety of chiral compounds as ligands in the addition reaction of phenylacetylene with Nbenzylideneaniline with 10% CuBr as the catalyst. However, it was both encouraging and disappointing to find that although the reactivity was indeed enhanced significantly, no enantioselectivity was observed with most of these chiral catalysts. On the other hand, numerous enantioselective addition reactions with chiral copperbis(oxazoline) box complexes have been described during the past two decades (59) (60) (61) . Therefore, we decided to try chiral bis(oxazolinyl) ligands in our reaction and found that the desired enantioselective addition product was formed with a low enantioselectivity by using bidentate box 1 and 2 with CuBr complex as catalysts in water (Fig. 2) . On the other hand, tridentate bis(oxazolinyl)pyridines (pybox) such as 3, 4, and 5 showed more enantioselective catalytic activity. The optimal enantioselectivity of addition adducts was observed with 5-CuBr complex (90% conversion and 24% ee in water). The use of 5-Cu(OTf) complex instead of 5-CuBr complex afforded the product with both high reactivity and enantioselectivity (90% conversion and 83% ee in water). However, the corresponding 5-CuSbF 6 complex was much less reactive but had similar enantioselectivity (20% conversion and 78% ee in water). The reaction of phenylacetylene and the imine catalyzed by 5-Cu(OTf) proceeded with excellent enantioselectivity and in good yield in toluene (78% isolated yield and 96% ee). The conversion of the addition reaction increased effectively in the presence of a slight excess of aniline.
Subsequently, the scope of the asymmetric alkyne-imine addition was investigated (Scheme 2). As shown in Tables 2 and 3 , this catalytic system could be applied to a broad range of substituted aromatic imines to afford the corresponding (ϩ)-propargyl amine in high enantioselectivity and good yields. In all cases, when a mixture of phenylacetylene and imine was treated with pybox 5 complexed with Cu(OTf) in toluene, the addition reaction took place smoothly, giving a (ϩ)-propargyl amine. The reaction in toluene provided slightly higher yields and enantioselectivities than in water.
This catalytic system could be extended to aliphatic alkynes to afford the corresponding propargyl amines. As shown in Table 4 , various alkynes add to imines in toluene with good yields and enantioselectivity. Phenylacetylene afforded better yields and enantioselectivity than other aliphatic alkynes. The effect of solvent on the yield and enantioselectivity of the addition of phenylacetylene to N-benzylideneaniline was examined (Table 5 ). Both the yield and ee % are strongly affected by the reaction solvent.
To determine our product with greater certainty, we wanted to ascertain the absolute configuration of the propargylamine. We tried to correlate our products with known compounds in which the absolute configuration was determined, but only racemic amines were formed by following the literature procedures (62, 63) .
Fortunately, three of the addition products could be grown into single crystals from ethyl acetate͞dichloromethane͞hexane. With a bromo-atom in the molecule serving as a structure marker, the absolute configuration of one of our products was conveniently established as (R) by x-ray crystallographic analysis (Fig. 3) . The structure was solved and refined by using the SHELXTL (Version 6.1, Bruker, Billerica, MA) software package, and the absolute structure was unambiguously determined [Flack parameter Ϫ0.009 (7)]. The absolute configuration of other products of the enantioselective addition can also be correlated with this structure from their same optical rotation direction and similar order of elution.
In conclusion, we have developed a Cu(I) complex-catalyzed direct addition of alkynes to imines. The process is simple and provides a diverse range of propargylamines in high ee and good yield both in water and in organic solvents. The absolute configuration of such addition products has also been determined by x-ray crystallography. The scope, mechanism, and synthetic application of this enantioselective reaction, along with other C-C bond formation reactions via C-H reactivity in water or in various solvents, are under investigation.
